Objective: Surgery is a stressor that can be categorized by duration and severity and induces a systemic stress response that includes increased adrenal cortisol production. However, the precise impact of surgical stress on the cortisol response remains to be defined.
| INTRODUC TI ON
The controlled trauma of a surgical insult activates adaptive changes in the neuro-hormonal system and the inflammation response. 1 The primary mechanism responsible for cortisol hypersecretion in response to stress is executed by the afferent nerve signals derived from the surgical site, which in turn stimulate the hypothalamus to release corticotropin-releasing hormone and arginine vasopressin.
2
These two peptides then stimulate secretion of adrenocorticotropic hormone from the anterior pituitary, which stimulates cortisol secretion by the adrenal cortex. Surgery can be considered a standardized model for assessing the cortisol response to stress and relevant modifying factors.
Understanding the expected magnitude of cortisol production during surgical stress is very relevant, especially for patients with adrenal insufficiency who require a dose increase in exogenous cortisol replacement during stress. Primary and secondary adrenal insufficiency affects up to 424/1 000 000 people and comes with the need for lifelong glucocorticoid replacement. 3 Furthermore, according to a recent meta-analysis, 4 2.4%-21.5% of patients receiving chronic treatment with supraphysiological exogenous steroids, for example for chronic obstructive pulmonary disease, develop tertiary adrenal insufficiency after glucocorticoid discontinuation. In all these patients, surgical stress requires an increase of the glucocorticoid replacement dose to avoid a life-threatening adrenal crisis.
Recommendations regarding the dose, administration route, timing, tapering and duration of glucocorticoid therapy vary substantially. 5 Moreover, the recommended doses of perioperative steroid dosing are based on the long-held notion that the activation of the hypothalamic-pituitary-adrenal (HPA) axis, including the adrenal cortisol output in response to surgery, is directly proportionate to the severity of the surgical stress. [6] [7] [8] However, most of the data underpinning this assumption derive from works published before 1990
and are based on limited case series. Surgical and anaesthetic techniques, as well as the rigour of cortisol assays have changed significantly since then, in particular following the now more widespread introduction of the current diagnostic reference standard mass spectrometry.
Therefore, our objective was to perform a systematic review and meta-analysis of published studies investigating the cortisol response to surgery in order to estimate the expected range of perioperative cortisol concentrations and to identify factors that potentially affect this response.
| ME THODS AND E VIDEN CE ACQUIS ITION
This systematic review and meta-analysis was performed based on an a priori protocol. The methods and results of the review are reported according to the PRISMA statement (preferred reporting items for systematic reviews and meta-analyses). 
| Inclusion and exclusion criteria
We included original studies published after 1990 that enrolled adult humans undergoing any type of surgical procedure (under local or general anaesthesia), with a sample size of at least 5, and which reported at least one measurement of serum cortisol by any method during surgery and within 10 days from surgery. Studies published before 1990 were not considered representative of the recent advances in surgical and anaesthetic techniques, as well as of current methods for cortisol estimation used in clinical practice. Studies reporting cortisol measurements only after the administration of exogenous glucocorticoids or corticotropic agents (ie, tetracosactide)
were excluded. Surgical procedures involving the brain were also excluded to remove the potential confounding factor of surgically induced central adrenal insufficiency. Table S1 found in the Supporting Information.
| Study selection
Initial screening of the identified studies was performed by four independent reviewers (AP, KA, HKA and IB). Titles and abstracts of the identified studies were screened in duplicate, taking into consideration the predefined inclusion criteria. Many of the identified studies retrieved by our search were not relevant or not original and were excluded at this phase. The full-text screening was then performed in duplicate to assess eligibility for final inclusion and discrepancies were resolved through discussion and consensus. The reference lists of the original studies and narrative reviews were searched for any additional relevant studies that were not identified by our literature search. The list and characteristics of the included studies is reported in Table 1 .
| Data extraction and variable and outcome definitions
Data extraction of the eligible studies was carried out independently and in duplicate (AP, KA, HKA and IB) using the DistillerSR online platform, Evidence Partners. 11 Any disagreements or discrepancies in extracted data were resolved by consensus.
The data initially extracted included the last name of the first author and year of publication, the country where the study was conducted, demographics of participants, patient inclusion and reports the parameters that have been extracted and used to generate specific subsets of patients, as well as the number of cohorts and sample sizes used for meta-analysis of the cortisol measurements. The latter are reported according to the time of measurement, ranging from baseline to the 7th postoperative day (POD-7).
| Methodological quality and risk of bias assessment
Critical appraisal of the included studies was assessed independently and in duplicate (AP, KA, HKA and IB). Therefore, we derived the following parameter from an existing guide on appraising Any disagreements or differences in the quality assessments were resolved by consensus.
| Statistical analysis
We conducted a meta-analysis using the random-effects model to pool estimates from the included studies. A random-effects model was used, rather than a fixed-effects model, to account for heterogeneity between-study and within-study variability. We used the I 2 statistic to estimate the percentage of total between-study variation due to heterogeneity rather than chance (ranging from 0% to 100%). I 2 values of 25%, 50% and 75% are considered to represent low, moderate and high heterogeneity, respectively.
Statistical analyses were conducted using OpenMeta[Analyst]. [14] [15] [16] The outcome of interest was total serum cortisol concentration, a continuous outcome that was extracted from the studies as means and standard deviations when possible. If the standard deviations
were not reported, we converted the standard errors or interquartile ranges to standard deviations. Medians were used in place of means when the means were not reported and the sample size was 25 or more. The area under the curve (AUC) was calculated using the trapezoidal rule. AUCs were then divided by 24-hour intervals and compared either to the preoperative cortisol measurements or to a standard AUC 0-24 hours for cortisol derived from the literature (data from cortisol profiling of 33 healthy adults sampled over 24 hours every 20 minutes). 17, 18 Most studies in this systematic review reported multiple cortisol measurements during the day of surgery (ie, the first 24 hours after the baseline assessment). From the 1st postoperative day (POD-1) onwards only single measurements every 24 hours were reported. To compare postsurgical cortisol secretion to the day of surgery cortisol secretion, we calculated the cortisol AUCs of each 24-hour interval.
| RE SULTS

| Characteristics of included studies
The search yielded 7634 references for the abstract screening of which 71 studies were included in the analysis ( Table 1 Peri-operative cortisol measurements were extracted from the studies and included baseline assessment (prior to surgery) up to 7th postoperative day (POD-7). As described in Table S3 (see Supporting Information), the number of observations up to POD-2 was high (>9000 single cortisol measurements). However, the number of patient cohorts with available cortisol measurement between POD-3 and POD-7 available for analysis dropped considerably (<600 single cortisol measurements).
Most of the studies were judged to be of good quality (Table S4 found in the Supporting Information); low quality scores were mainly due to absent or inadequate description of inclusion and exclusion criteria (especially the latter). Overall, the included studies clearly reported the methodology and the timing of cortisol measurements. For those studies reporting more than one patient cohort, the reviewers were almost always able to discriminate the cortisol measurements among the different cohorts and perform sub-group analyses (Tables S3 and S5 , see Supporting Information). Table 1 .
| Grade of surgery and peri-and postoperative cortisol concentrations
Cortisol measurements from patients undergoing grade I surgery were performed only over a period of up to 24 hours after surgery, while patients undergoing grade II and III surgeries were evaluated for cortisol up to POD-7 (Tables 2 and S3 (see Supporting Information) ).
To increase the number of observations, we have also merged data from grade II and III procedures and these results are reported in Table 2 and Figure 2B + F.
In our systematic review, we found that grade of surgery significantly 
| Demographics and peri-and postoperative cortisol concentrations
After stratifying the combined cohorts of grade II and III procedures according to age (cut-off 60 years), we observed that older patients demonstrated higher cortisol concentrations ( Figure 3A) . In comparison with cohorts with female predominance (79% on average), in studies with >50% male patients (78% on average), the cortisol output was lower the first 24 hours from surgery but higher on POD1 ( Figure 3B ).
The AUCs for total cortisol measurements, stratified by age and gender, are reported in Table S5 .
| Duration of surgery and peri-and postoperative cortisol concentrations
When dividing the cohorts according not only to the grade but also the mean duration of surgery (≤180 or >180 minutes, 884 patients vs 875 patients, respectively), we found that duration of surgery did not substantially affect the cortisol response within 48 hours of surgery ( Figure 3C + D) . The AUCs for total cortisol measurements are reported in Table S5 .
| Surgical and anaesthetic techniques and peri-and postoperative cortisol concentrations
A laparoscopic surgical approach (n = 446 patients) was associated with a slightly lower cortisol response during and after surgery as compared to open surgery (n = 654 patients) ( Figure 4A ). Conversely, studies with >50% of patients treated preoperatively with the anaesthetic agent etomidate, a known inhibitor of CYP11B1 and hence cortisol synthesis, 90, 91 did not demonstrate significant differences in cortisol response (n = 502 patients vs n = 1444 patients who did 
Surgery grade I Absolute value (nmol × h/L)
9541 n/a n/a n/a n/a n/a n/a n/a %difference to surgical baseline a +11% n/a n/a n/a n/a n/a n/a n/a %difference to a standard
n/a n/a n/a n/a n/a n/a n/a 
+309%
n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
Surgery grade III
+297%
n/a n/a n/a n/a n/a n/a n/a
During the first 24 h after surgery, multiple total cortisol measurements are available; therefore, the AUCs have been compared to a standard 24-h AUC for cortisol derived from the literature. 17, 18 From the first postoperative day onwards only measurements every 24 h are available; therefore, the AUCs have been compared to AUCs calculated according to the baseline cortisol values. AUC, area under the curve for serum cortisol values; n/a, not available or not applicable. Percentage difference between the AUC and a standard 24-h AUC for cortisol obtained by 24-h cortisol profiling of 33 healthy adults (4420 nmol × h/L). 17, 18 not receive etomidate) ( Figure 4B ). Three studies (n = 134 patients) compared general anaesthesia to regional (spinal or epidural) anaesthesia; the latter group had a 17% lower AUC for total cortisol over the first 24 hours after the initiation of surgery ( Figure 4C ). The
AUCs for total cortisol measurements, stratified by surgical and anaesthetic techniques, are reported in Table S5 . F I G U R E 3 Impact of age, gender and mean duration of surgery on total serum cortisol up to 48 h after surgery. All values are expressed in nmol/L and are reported as means ± 95% CI, obtained after meta-analysis of all included studies. The first value in each panel corresponds to baseline cortisol measurements before initiation of surgery. The cortisol measurement at time 0 corresponds to the initiation of surgery. A, Impact of patient age after combining data of surgery II and III-comparison between cohorts with a mean age of ≤60 y (n = 32 studies) or >60 y (n = 21 studies). B, Impact of gender after combining data of surgery II and III-comparison between cohorts including either >50% females (n = 26 studies) or >50% males (n = 25 studies). C, Impact of the mean duration of surgery grade II-either ≤180 min (n = 21 studies) or >180 min (n = 4 studies). D, Impact of the mean duration of surgery grade III-either ≤180 min (n = 2 studies) or >180 min (n = 10 studies)
(C) Mean duration (surgery II) (D) Mean duration (surgery III) (A) Impact of age (surgery II + III) (B) Impact of gender (surgery II + III)
| Effect of cortisol assay on peri-and postoperative cortisol concentrations
As expected, the types of cortisol assays used in the studies varied, with 63 studies using immunoassays, two liquid chromatographytandem mass spectrometry (LC-MS/MS), two spectrophotometry and one double isotope dilution (Table 1) . Three studies did not report the assay used. Perioperative total cortisol concentrations measured by immunoassay were higher when compared to cortisol measurements by LC-MS/MS- Figure 4D . While we found no significant differences based on the type of immunoassay used, total cortisol measurements with ELISA demonstrated the highest measurements up to POD-1. The AUCs for total cortisol measurements stratified by the assay are reported in Table S5 . None of the included studies utilized LC-MS/MS to measure total cortisol between baseline (prior to the initiation of surgery) and POD-1; thus, the AUCs for the first 24 hours could not be compared between immunoassays and LC-MS/MS.
| D ISCUSS I ON
Surgery causes a controlled systemic stress response that encompasses a wide range of endocrine, immune and cardiovascular effects. 2 In this systematic review and meta-analysis, we focused on the surgery-induced HPA axis activation with an objective to estimate cortisol output and its dependence on several defined parameters.
We found that the cortisol response to surgical stress varies sig- We found that the cortisol response does not differ substantially between moderately (grade II) and highly invasive (grade III) surgeries with serum cortisol peaking between the time of extubation and 18 hours after surgery, and increased cortisol concentrations noted up to 1 week after surgery. Studies included in the current systematic review were highly heterogeneous in terms of patient selection, surgical and anaesthetic techniques, peri-operative care and methodological aspects-all these factors can affect the cortisol stress response to surgery (Table S6) . [92] [93] [94] [95] [96] [97] [98] Recently, Khoo et al 99 reported
on the peri-operative cortisol response after stratifying surgical procedures according to the POSSUM scoring system 100 and observed a positive correlation of cortisol peak to the invasiveness of the surgical procedure. 99 We believe that several elements can account for the differences compared to the results of our systematic review, including a different classification system, differences in demographics and differences in procedures.
Studies published before 1990 suggested that serum cortisol during major surgery rises rapidly but usually returns to baseline values within 24-48 hours. 7 Our data, on the contrary, show that mean cortisol can remain higher than baseline measurements for a longer duration, up to POD-7. For example, the study by Naito et al (included in this systematic-review and meta-analysis) measured cortisol at 1-hour intervals in patients undergoing elective upper abdominal surgery up to POD-7 and showed that cortisol levels remained elevated for more than 3 days after surgery, with a loss of the circadian rhythm. 23 However, it is important to highlight that our results regarding the cortisol response after POD-3 derive only from a limited number of studies with small sample sizes.
Our data show that older subjects tend to have a higher perioperative cortisol response. This can partly be explained by the 
101
A further confounding factor is that cortisol measurements might underestimate the actual cortisol production in older patients. In fact, some authors observed a reduction of cortisol-binding glob- 
115
Another limitation is that we could only compile data on total cortisol. In healthy subjects, 95% of serum cortisol is protein bound, primarily to CBG and secondarily to albumin. 116 Five per cent of serum cortisol is free (not protein bound), and this is its bioactive form. 117 Several authors have observed a drop of CBG after surgery (up to 23%-44% compared to baseline). 57, 71, 99 This drop correlates with the severity of surgery 99 and can be interpreted as an adaptive mechanism to increase the delivery of bioactive cortisol to target tissues. 118 The direct measurement of free cortisol is cumbersome and not routinely available in clinical settings; moreover, formulas to indirectly calculate unbound cortisol from total cortisol and CBG values have been proven to be inaccurate after surgery, because of the effects of postoperative hypoalbuminaemia and haemodilution. 8, 46, 119 Notably, the drop of albumin can be substantial after CABG. 71 The unavailability of free cortisol measurements in the included studies could have affected some of our observations. First, we did not observe a stratification of the total cortisol stress response between grade II and III surgical procedures-the high prevalence of CABG among grade III surgery (and thus the confounding effect of haemodilution, hypoalbuminaemia and CBG drop) may partially explain this.
Moreover, studies including predominantly male patients mainly report total cortisol measurements from grade III procedures (CABG in most of the cases), and this may account for the differences that we observed among men and women.
There is general agreement that the daily dose of glucocorticoids needs to be increased in patients with adrenal insufficiency undergoing surgery to prevent adrenal crisis, and that hydrocortisone is the treatment of choice. 5, 120 Nonetheless, no randomized controlled studies have assessed the precise glucocorticoid dose requirements in these patients and no consensus exists regarding the optimal management of perioperative glucocorticoid therapy. The perioperative glucocorticoid requirements detailed in the recent Endocrine Society guideline on diagnosis and treatment of primary adrenal insufficiency rely only on the severity of the surgical stress. 120 The guideline recommends hydrocortisone 25-75 mg/24 hours in adults for 1-2 days after minor to moderate surgery and intravenous bolus of 100 mg hydrocortisone followed by continuous infusion of 200 mg/24 hours on the day of major surgery to be tapered rapidly switching to oral regimen depending on clinical state. 120 The results of this systematic review and meta-analysis suggest that other factors should be taken into account in addition to the magnitude of the surgical stress when deciding for the perioperative steroid coverage. According to the serum cortisol response, older subjects, women and patients undergoing open surgery and general anaesthesia may require higher doses of hydrocortisone. Moreover, extra steroid coverage might be required at least up to 1 week following moderately to highly invasive procedures.
| CON CLUS IONS
This systematic review and meta-analysis of the modern literature of cortisol response during surgery demonstrated significant differences of cortisol response in relation to the grade of surgery, with significantly higher cortisol response to grade II and III than to grade I surgery. We found that increased cortisol secretion continues up to the postoperative day 7 after surgery and is affected by age, sex and invasiveness of the surgical or anaesthetic technique. Current evidence stems from highly heterogeneous studies of mostly moderate quality. Of note, only two of 71 included studies have used LC-MS/ MS, which, however, is now considered state of the art for the measurement of cortisol. 121 Large prospective studies, entailing rigorous patient selection, stratification and standardized outcome measurement by LC-MS/MS, are needed to clarify how the adrenal gland responds to surgery and which factors shape this response. Such data would help to inform and tailor the current guidelines on glucocorticoid stress dose cover in hypoadrenal patients undergoing surgery.
CO N FLI C T O F I NTE R E S T
The authors have stated explicitly that there are no conflicts of interest in connection with this article. 
O RCI D
Alessandro Prete
